Voltage-induced infrared spectra of annealed spin-cast thin films of ferroelectric poly(vinylidene fluoride-cotrifluoroethylene) (P(VDF-TrFE)) (molar ratio, 3:1) were measured in a stepwise cyclic external electric field. Most of the observed infrared bands originated from the β ferroelectric crystalline phase. The voltage-induced spectral changes were decomposed into zeroth-(original), first-, and second-derivative spectra, and were attributed to the rotational motions of the polymer chains and the vibrational Stark effect. The values of the original spectral absorbance change ratios, ΔA/A, for the 849-cm -1 band (CF2 symmetric stretching, a1) and the 884-cm -1 band (CH2 rocking, b2) of the film exhibited double minimum and maximum peak hysteresis loops, respectively. The intensity of each band increased or decreased suddenly near a coercive field of ±0.6 MV/cm. These sudden intensity changes were attributed to the rotational inversion of the polymer chains that are associated with ferroelectricity.
Introduction
Infrared spectroscopy is a powerful tool to study molecular structure and dynamics. External electric field effects on the infrared spectra of materials give rise to the vibrational Stark effect, [1] [2] [3] [4] orientation polarization in solutions [5] [6] [7] [8] [9] and ferroelectric solids, [10] [11] [12] [13] [14] [15] [16] as well as other effects. In previous work, we demonstrated that the voltage-induced infrared spectra from organic field-effect transistors are due to the carriers generated in organic semiconductors by the field effect. [17] [18] [19] [20] [21] Organic field-effect transistors with a ferroelectric gate dielectric have attracted much interest because these transistors are used as organic nonvolatile memories. [22] [23] [24] [25] [26] [27] The switching of the memories can be controlled by the gate voltage, and the on-state is held by the remnant polarization of the ferroelectric gate dielectric. Nonvolatile memory field-effect transistors have been fabricated with pentacene or poly(2-methoxy-5-(2′-ethylhexyloxy)-p-phenylenevinylene) (MEH-PPV) as the p-type organic semiconductor and P(VDF-TrFE), nylon-11, and other polymers as the ferroelectric gate dielectric. To date, nonvolatile memory field-effect transistors fabricated with P(VDF-TrFE) 24, 26 have shown the best performance. A low switching voltage was reported for a memory device with 110 and 200 nm thick ferroelectric P(VDF-TrFE) layer. 26 The memory performance is strongly associated with the ferroelectric properties of the gate polymer.
No voltage-induced infrared spectra from the nonvolatile memory field-effect transistors were reported. P(VDF-TrFE) belongs to a family of poly(vinylidene fluoride) (PVDF) and its copolymers. 28 Among the several crystalline phases of PVDF, the β phase shows ferroelectricity. The β phase has an orthorhombic lattice with parameters a = 8.58 Å, b = 4.91 Å, and c (polymer axis) = 2.56 Å; Z = 2, and belongs to the Cm2m (C2v) space group. 29, 30 The polymer chains adopt an all-trans linear conformation. Because the CF2 group has a permanent electric dipole moment, the all-trans polymer chain also shows an electric dipole moment and, consequently, so does the β-crystalline cell. The ferroelectric properties are considered to originate from inversions of the polymer chains containing polar -CF2-groups at the molecular level. Molecular and solid-state structures of P(VDF-TrFE) films have been studied using X-ray diffraction, 31, 32 Raman spectroscopy, 31, 33 and infrared spectroscopy. 31, [34] [35] [36] P(VDF-TrFE) is used as a ferroelectric dielectric in the memory field-effect transistors because P(VDF-TrFE) ferroelectric thin films can be easily prepared by the spin-casting method. It is difficult to make thin films of PVDF. Annealing just above the Curie point was reported to cause a larger remnant polarization, e.g., 85 mC/m 2 for P(VDF-TrFE) (molar ratio, 3:1) due to the marked increase in crystallinity. 37, 38 The molecular and lattice orientations in thin P(VDF-TrFE) films have been studied by X-ray diffraction and infrared spectroscopy. 39 It is important to study voltage-induced structural changes in the ferroelectric gate polymer P(VDF-TrFE). The electric field effects on the infrared spectra of the stretched films of ferroelectric PVDF, its copolymers, and nylons were reported previously. [10] [11] [12] [13] [14] [15] [16] Naegele and Yoon studied the infrared intensity changes of the 512 cm -1 band (CF2 scissoring mode) and the 446 cm -1 band (CF2 rocking mode) of a stretched PVDF film for a cyclic external electric field, and observed butterfly-shaped hysteresis loops characteristic of ferroelectricity.
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These butterfly-shaped hysteresis loops were also observed for stretched films of other ferroelectric polymers, including P(VDF-TrFE). 11 However, voltage-induced infrared measurements of a thin film of P(VDF-TrFE) that can be used as a ferroelectric gate dielectric, have not been reported. A study of the structural changes in a thin P(VDF-TrFE) film will also lead us to evaluate memory field-effect transistors.
In this paper, we report on a study of voltage-induced infrared spectra of annealed and unannealed spin-cast P(VDF-TrFE) thin films. We observed intensity changes of the bands attributed to the polar β phase as a function of a stepwise cyclic voltage. The annealed sample showed double minimum or maximum peak hysteresis loops that are different from those reported in the literature. The observed sudden intensity change is explained by the sudden inversion motion of the polymer chains around the polymer axis.
Experimental

Materials and cell
A schematic of the measurement cell with the BaF2/Al/P(VDFTrFE)/Al structure is shown in Fig. 1 . A thin Al layer was deposited on a BaF2 substrate using the vacuum deposition method. The thin Al electrode was used as the bottom electrode. The thickness of the Al layer measured using a quartz crystal oscillator was 4 nm. P(VDF-TrFE) (molar ratio, 3:1) powder was purchased from Kureha Co. (Tokyo, Japan). A P(VDF-TrFE) film was prepared from a 5 wt% 2-butanone solution using the spin-casting method. The thickness of the film, as measured by a surface profiler (KLA-Tencor Alpha-Step 500), was 350 nm. The film on the BaF2 substrate was annealed for 2 h on a hotplate at 120 C, just above the Curie point, to increase the crystallinity of the film. 37 A thin Al layer (thickness, 4 nm) was deposited on the film via vacuum deposition. This layer was used as the top electrode. The active area of the film was 5 × 5 mm 2 . The cell was attached to a beam condenser for infrared measurements. The direction of the external electric field was perpendicular to the electric field vector of the infrared beam, as shown in Fig. 1 .
Infrared measurements and analyses
Infrared transmission spectra were measured using a Digilab FTS-7000 FT-IR spectrometer equipped with a linearized HgCdTe detector at a resolution of 4 cm -1 . Each spectrum was interpolated, and the interval between the data points in the obtained spectra was 0.24 cm -1 . First, an infrared spectrum of the cell was measured. Then, 256 spectra were collected. Overlapping bands were decomposed using Voigt functional bands. The voltage-induced spectrum was obtained using the difference spectrum method. 21 First, 256 intensity spectra were collected from the cell after the application of a poling voltage of 105 V for 10 min but with the voltage off, B off ; these were used as the reference intensity spectra. Then, a voltage was applied between the electrodes of the cell using a voltage source (ADVANTEST R6161), and 256 intensity spectra were collected with the cell voltage on, B
on . The time interval between the application of the voltage and the start of collecting the spectrum was 1 min. The voltage-induced absorbance spectrum at each voltage was obtained from the following equation: 
where A on and A off are the absorbance spectra of the cell with voltage on and off after the poling, respectively. In this method, the reference spectrum, BR, was not used for obtaining the voltage-induced absorbance spectrum.
Voltages were applied stepwise between 105 and -105 V, corresponding to electric fields of 3.0 and -3.0 MV/cm across the film, respectively.
The spectrum observed for a film was decomposed into Voigt function bands using the least-squares method. The first-and second-derivative spectra of the original spectrum were calculated. An observed voltage-induced spectrum was then decomposed into the zeroth-, first-, and second-derivative spectra by the least-squares fitting method.
Results and Discussion
Infrared spectrum of P(VDF-TrFE)
The infrared absorption spectrum of an annealed Al/P(VDFTrFE)/Al/BaF2 cell is shown in Fig. 2(a) . The observed wavenumbers and intensities are listed in Table 1 . An infinite all-trans PVDF chain has C2v symmetry. Thus, the observed infrared spectrum of the β form of PVDF, in which the polymer chain adopts the all-trans structure, was assigned the C2v symmetry. [40] [41] [42] [43] The polymer axis is defined as the x-axis, and the z-axis is parallel to the plane containing the carbon atoms (Fig. 1) . The vibrational modes in the center of the zone are classified as a1, a2, b1, or b2 species. The a1, b1, and b2 modes are infrared active, whereas the a2 modes are infrared inactive. The transition dipole moments of the a1, b1, and b2 modes are parallel to the z-, x-, and y-axes, respectively. The observed infrared bands of P(VDF-TrFE) were also analyzed under the approximation of the C2v symmetry, as in the previous studies; [34] [35] [36] the assignments of the bands are given in Table 1 . The bands at approximately 1246 and 1121 cm -1 were assigned to the amorphous state, 35 and the other bands were assigned to the β phase; these bands overlap the bands of the amorphous state. 
Poling
A 3 MV/cm electric field was applied across the cell for poling, and was then removed. The infrared spectrum of the cell before and after poling is shown in Figs. 2(a) and 2(b). After poling, the intensity of each band did not return to the initial value at 0 MV/cm, indicating that the change in the orientations of the polymer chains remained. The intensities of the a1 bands observed at 1430, 1289, and 849 cm -1 decreased upon poling. The intensities of the b2 bands at 1180 and 884 cm -1 , and the b1 bands at 1401 and 1078 cm -1 increased upon poling.
The transition dipole moment of an a1 band is along the z-axis. The permanent dipole moment of a CF2 group is also along the z-axis. Thus, the transition dipole moment of the a1 band is parallel to the permanent dipole moment of the CF2 group. The decreases in the intensities of the a1 bands indicate that the CF2 groups are moved toward the surface normal by the external electric field. The positive changes in the b2 bands are consistent with the changes in the a1 bands. The positive b1 bands indicate that the polymer chains are moved toward being parallel to the surface.
Infrared intensity changes under a cyclic stepwise voltage for annealed spin-cast films
Voltage-induced infrared spectra of the poled cell at electric fields of -0.57, -0.71, -1.3, and -3.0 MV/cm are shown in Fig. 3 . Positive bands indicate increases in the intensity under an external electric field, whereas negative bands indicate decreases in intensity under an electric field. We focus our attention on the spectral changes of the 849-cm -1 band (a1), the 884-cm -1 band (b2), and the 1401-cm -1 band (b1). At -0.57 MV/cm, the intensity of the 849 cm -1 band increased. The observed intensity increase indicates that the transition dipole moment of the band declined. At -0.71 MV/cm, the intensity of the band was very weak. When the absolute value of the electric field increased, the intensity of the negative 852-cm -1 band increased as shown in Figs. 3(c) and 3(d). These increases in the intensity of the negative band indicate that the transition dipole moment of each band moved toward the surface normal from the state at 0.0 MV/cm.
The intensity of the 884-cm -1 band decreased at -0.57 MV/cm. This result indicates that the transition dipole moment of the band moved toward the surface normal, consistent with the results obtained for the 849-cm -1 band. At -0.71 MV/cm, a derivative-like feature was observed at 888 and 878 cm -1 that can be attributed to the vibrational Stark effect (VSE). 1 As shown in Figs. 3(c) and 3(d) , the intensity of the 880-cm -1 band increased with the increasing absolute value of the electric field. This result suggests that the dipole moment of the band declined, whereas the peak position showed a lower wavenumber shift, indicating that the VSE was significant. The VSE spectra ΔA(ν) for an isotropic immobilized sample can be expressed by a linear combination of the zeroth-(original), first-, and second-derivative spectra as follows:
where F is the external electric field, and f is a local field correction factor. The coefficients A′, B′, and C′ are associated with the molecular properties. The VSE has been reported for polymers.
2,3
The coefficient C′ must be positive in general because of band broadening.
The observed spectral changes likely originate from the VSE and the reorientation of the polymer chains. Thus, the spectrum observed at each electric field was decomposed into the original, first-, and second-derivative spectra with the condition that the coefficient C′ is positive. The obtained results are shown in Fig. 4 . The 849-and 884-cm -1 original spectra were dominant at -0.57 MV/cm. The 849-cm -1 band was positive, whereas the 884-cm -1 band was negative. At -0.71 MV/cm, the original spectra were weak, similar to the first-and second-derivative spectra. At -1.3 and -3.0 MV/cm, the original spectra became large. However, the intensity of the 849-cm -1 band was negative, and that of the 884-cm -1 band was positive. The first-derivative spectra of the 849-and 884-cm -1 bands showed considerable contributions.
In previous studies involving isotropic immobilized samples, 1,3 the intensity of the original spectral component was much smaller than the intensities of the firstand second-derivative spectra. On the other hand, the original spectrum was large for a reoriented sample with respect to the external electric field. 9 Thus, it is reasonable to consider that the observed original spectra at -0.57, -1.3, and -3.0 MV/cm are likely to be caused by the reorientation of polymer chains.
The coefficients of the original spectral components, ( fF) 2 A′ in Eq. 7 to -1.7 MV/cm, respectively. In both plots, the 849-cm -1 band exhibits a repeatable double maximum peak hysteresis loop, and the 884-cm -1 band exhibits a repeatable double minimum peak hysteresis loop.
The electric fields of approximately ±0.6 MV/cm at the maxima or minima correspond to the coercive electric field value reported in the literature. 28 When the maximum electric field applied across the film was ±3.0 or ±1.7 MV/cm, the electric fields of the maximum or the minimum of the loop did not change, whereas a different behavior was observed for the wings. These two sharp peak hysteresis loops have not been reported in the literature. Butterfly-shaped hysteresis loops have been reported for PVDF and its copolymers. [10] [11] [12] 14 The ΔA/A values of the 849-and the 884-cm -1 bands for an unannealed film are plotted as functions of the cyclic stepwise external electric field in Figs. S1(a) and S1(b) (Supporting Information), respectively. These bands show butterfly-shaped hysteresis loops that are consistent with the results reported in the previous studies. [10] [11] [12] 14 The shape of the hysteresis loop depends strongly on annealing, i.e., the crystalline content.
At -0.57 MV/cm, a weak negative band was observed at 1397 cm -1 , whereas the 1401-cm -1 band was strong in the normal infrared spectrum (Fig. 2(b) ).
At -0.71 MV/cm, Fig. 4 Observed voltage-induced infrared spectra (red lines) and the decomposed original (purple), first-derivative (blue), and second-derivative (green) spectra in the range from 930 to 800 cm -1 . Black broken lines represent the sum of the decomposed spectra. a derivative-like feature was observed at 1407 and 1394 cm -1 . This derivative-like band was most likely due to the VSE. As the external electric field was increased, the amplitude of the derivative-like band increased. The voltage-induced infrared spectra and decomposed original, first-derivative, and secondderivative spectra from 1480 to 1350 cm -1 are shown in Fig. 6 . At -0.57 MV/cm, the original, first-derivative and secondderivative components had considerable contributions. However, at -0.71, -1.3, and -3.0 MV/cm, the voltage-induced spectra dominated the first-derivative component, i.e., the VSE.
Molecular mechanism of ferroelectricity
Macroscopic polarization inversion originates from the inversion of the polarization of crystallites; this inversion is associated with the synchronous motions of polymer chains in a crystallite.
This polarization inversion is schematically expressed as a double minimum potential. The two states that are inverted relative to each other correspond to the potential minima.
In previous studies of PVDF and its copolymers, butterfly-shaped hysteresis loops were reported [10] [11] [12] 14 that are associated with the rotational inversion of a polymer chain around the polymer axis. There are two double maximum or minimum peaks in both hysteresis loops. However, the shape of the double peak hysteresis loop observed in this study is different from that of the corresponding butterfly-shaped loop. Sudden changes in ΔA/A are observed at approximately the coercive electric fields. In the following paragraph, we discuss the observed two-peak hysteresis loop from a molecular point of view.
Herein, we discuss the schematic showing the molecular motions associated with the polarization inversion shown in Fig. 7 using the double-peak hysteresis loop of the 849-cm -1 (CF2 symmetric stretching, a1) band. Because the transition dipole moment associated with the band is parallel to the permanent dipole moment of the CF2 group, the behavior of the band reflects the motion of the permanent dipole. The arrows indicate the transition dipole moment of the band, F is the electric field of the infrared beam, and θ is the angle between the transition dipole moment and the surface normal. In the measurements conducted in this study, the electric vector of the infrared beam was parallel to the Al electrodes. The intensity of an infrared band is proportional to the square of the inner product of its transition dipole moment and the electric-field vector of the infrared beam. Thus, the intensity of the band was proportional to the square of the projected transition dipole moment parallel to the electric field vector. The projected transition moment is indicated by a red line.
(a) At 0 MV/cm, the orientation of the CF2 group remains in the stable state of a double minimum potential in a crystallite. The angle in this initial stable state, θ0, is shown as a dashed line in Fig. 7(a) ; in the other stable state, the direction of the dipole moment arrow is inverted. The θ values showed a certain distribution that depended on the orientation after poling of the annealed spin-cast film. In Fig. 7(a) , only a single dipole moment is taken into account.
(b) As an electric field is applied, the θ value increases (θ > θ0) because the dipole moment is forced to rotate by the external electric field. However, the dipole moment is still bound to the stable state. The infrared intensity of the band increases.
(c) and (d) As the electric field increases further, the dipole moment is suddenly inverted at θ = θc. At this electric field, the force from the external electric field is greater than the binding around the initial stable state. This electric field corresponds approximately to the coercive field Fc. When the dipole moment is inverted, θ is smaller than θ0 because of the external electric field. Thus, the observed intensity suddenly decreases.
(e) As the external electric field increases further, θ continues to decrease, and the dipole moment shows dielectric-like behavior.
(f ) As the electric field decreases to 0 MV/cm, θ decreases to θ0. The infrared intensity increases to the initial value, corresponding to the remnant polarization.
Conclusions
Voltage-induced infrared spectra of annealed spin-cast thin films of P(VDF-TrFE) (molar ratio, 3:1) were measured in stepwise cyclic voltages. The observed infrared bands were attributed to the β phase and analyzed based on the C2v symmetry. The voltage-induced infrared spectra of the 849-cm -1 band (CF2 symmetric stretching, a1), the 884-cm -1 band (CH2 rocking, b2), and the 1401-cm -1 band (CH2 wagging, b1) were decomposed into the original, first-derivative, and second-derivative spectral components. The values of the absorbance change ratio, ΔA/A, and the coefficients of the original components for the 849-and 884-cm -1 bands exhibited double minimum and maximum peak hysteresis loops, respectively, which are associated with ferroelectricity. The spectral changes of the 849-and the 884-cm -1 bands were mainly attributed to the rotational motions of the polymer chains. The intensity of each band increased or decreased suddenly at approximately a coercive field of ±0.6 MV/cm. Butterfly-shaped hysteresis loops were observed for the unannealed spin-cast films, consistent with the previously reported data. The two observed peak features most likely originated from the high crystallinity of the annealed film. The contribution of the original spectral component to the voltageinduced spectral changes of the 1401-cm -1 band was negligible, consistent with the rotational inversion of the polymer chains. It has been demonstrated that infrared spectroscopy is a powerful tool for studies of structural changes of thin films of ferroelectric polymers induced by an external electric field.
Supporting Information
The ΔA/A values of the 849-cm -1 band (a1) and the 884-cm -1 band (b2) of an unannealed film as a function of the electric field are shown in Fig. S1 . This material is available free of charge on the Web at http://www.jsac.or.jp/analsci/.
